A sensitive quantification of decabrominated diphenyl ether (deca-BDE) was achieved by optimizing the injection temperature, pressure and column system with gas chromatography mass spectrometry in selected ion monitoring mode. A simple one-step cleanup method with acid silica gel column chromatography showed the optimum efficiency and minimum matrix interference. Ultrasonic-assisted extraction with toluene provided the best performance (111%, 1 h) as compared to Soxhlet extraction (110%, 5 h) and microwave-assisted extraction (63%, 15 min) taking consideration of extraction efficiency and consumed time. The proposed method could meet the requirement for determination of deca-BDE in polymers and has the potential to monitor the content of deca-BDE in electrical and electronic equipment for routine analysis.
Introduction
Polybrominated diphenyl ethers (PBDEs) are one of the most widely used flame retardant additives. 1 Nowadays there is an increasing interest in these emerging persistent organic pollutants since Norén and Meironyté 2 reported that the PBDE levels in Swedish human breast milk were increasing at an exponential rate with a doubling time of 5 years in 2000. The potential health risks of PBDEs to human beings were increasingly noticed because of their high lipophilic and bioaccumulative properties which came from having structures similar to those of polychlorinated biphenyls (PCBs) and polybrominated biphenyls (PBBs). 3 Accordingly, the directives 2002/95/EG (restriction of the use of certain hazardous substances in electrical and electronic equipment, RoHS) and 2002/96/EG (waste electrical and electronic equipment, WEEE) of the European Union had prohibited the use of PBBs and lower brominated diphenyl ethers, mainly penta-and octabrominated diphenyl ethers. Decabrominated diphenyl ether (deca-BDE) has been the only PBDE that was exempted and was allowed to be used in most polymer materials by RoHs regulation; however the exemption has been withdrawn on July 1 this year according to a new policy of EU. Deca-BDE was simply mixed with the polymer materials and easily leached out of the products as additive flame retardants. It had been found that the concentration of deca-BDE was gradually increasing not only in environmental samples but also in biotic samples. [4] [5] [6] [7] [8] Further studies also indicated that the lower brominated diphenyl ethers, even polybrominated dioxins and furans (PBDD/F), were formed during thermal stress arising from normal applications that include production, compounding or mechanical recycling. Therefore, a rapid and accurate method must be set up to screen the content of deca-BDE due to its widespread use in all kinds of polymers in order to preserve and improve the quality of the environment and to protect human health.
Soxhlet extraction was widely used as a standard technique and is still an attractive option because of its general robustness and relatively low cost.
However, the most important disadvantages were that it consumed large volumes of toxic organic solvents and need a long extraction time, from 6 to 48 h. Several valuable reviews had summarized developments in extraction, cleanup and detection of PBDEs in environmental samples such as soil, sediment and sludge as well as in biota samples. 4, 9, 10 Microwave-assisted extraction (MAE), 11, 12 ultrasonic-assisted extraction (UAE) 13 and pressurized liquid extraction 14 are relative newly developed extraction techniques designed to minimize the drawbacks of Soxhlet extraction. Some purification techniques were indispensable to remove matrix effects and other interferences. Depending on the complexity of different matrices, column chromatography with a great variety absorbent (e.g., silica, florisil and alumina) was usually adopted to purify and fractionate the extracts as well as remove the interferences. However, there have been few investigations on the extraction, cleanup and determination of deca-BDE in waste electrical and electronic equipment. [15] [16] [17] Schlummer et al. 15 applied gel permeation chromatography to purify the flame retardant additives including deca-BDE in polymer fractions of WEEE using HPLC-UV/MS. Gas chromatography using electron capture detection, mass spectrometry with electron impact ionization or electron chemical negative ionization mode [17] [18] [19] [20] were commonly used for the analysis of PBDEs. Most reports were focused on the lower BDEs in the environmental samples and only a few studies had been reported on heavy molecular weight BDEs especially deca-BDE. 21, 22 Using a programmed-temperature vaporizer or an oncolumn injector could improve the analytical performance of deca-BDE. The interlaboratory study demonstrated producible results for lower BDEs, whereas deca-BDE quantification still suffers from many problems regardless of careful optimization of GC system parameters.
In this work, the optimum GC separation parameters guaranteed the high sensitivity and good repeatability of deca-BDE. A polyvinyl chloride (PVC) referenced material was used to validate the extraction efficiencies of three extraction methods with the aims to reduce the extraction time and organic solvent volume which was consumed during the extraction process. One-step cleanup procedure of the extracts with acid-modified silica column chromatography had been established with satisfactory extraction efficiency and efficient removal of matrix interference.
Experimental

Reagents and chemicals
The PVC sample used as reference material, containing 5% deca-BDE, was kindly provided by Japan Daiden Co. Ltd. (Osaka, Japan). Deca-BDE (purity 98.0%) was purchased from Wako Chemical Industries, Ltd. (Osaka, Japan). A stock solution of deca-BDE (100 mg mL -1 ) was prepared in a hexane/acetone mixture (10:1, v/v); calibration solutions at various concentrations (0.5, 1.0, 10, 50, 100 mg mL -1 ) were made by appropriate dilution of the stock solution with hexane. These solutions were stored at -25˚C. HPLC grade hexane, toluene, and acetone were purchased from J. T. Baker (Phillipsburg, NJ) and tetrahydrofuran (THF) was from J & K Chemica (NJ). Silica gel, florisil and neutral alumina adsorbent were purchased from Supelco (Bellefonte, PA) and conditioned by baking at 160˚C for 24 h prior to use. HPLC grade water was obtained from a Milli-Q system (Millipore, Bedford, MA). All other chemicals were of analytical-reagent grade.
Pretreatment techniques
The PVC reference materials were cut into small pieces and ground to a particle size of less than 1000 mm after they were embrittled with liquid nitrogen.
Approximately 0.1 g samples were weighed and placed in a Soxhlet thimble and extracted with 100 mL of hexane, toluene, THF and hexane/acetone (1:1, v/v) from 5 to 24 h. Ultrasonicassisted extraction (UAE) was performed with an ultrasonic cleaner (KQ2200DB, Kunshan, China). The samples were extracted with the four solvents, 20 mL each, from 10 to 120 min, respectively. Microwave-assisted extraction (MAE) was performed using an Ethos Microwave Labstation (Milestone, Bergamo, Italy). The oven temperature was programmed to increase from room temperature to 115˚C and to maintain the oven temperature for 15 min with each of the above solvents (20 mL). The extracts were evaporated with a rotary evaporator (Büchi Labortechnik AG, Postfach, Switzerland) and the residues were transferred for cleanup procedures.
Cleanup of the extracts
The extracted solutions were cleaned up using a 6-mm i.d. column dry-packed with 1 g of either 30% sulfuric aciddeactivated silica gel, activated silica gel, florisil or neutral alumina, with a 1-cm layer of anhydrous sodium sulfate at the bottom and top. The column was rinsed with 10 mL of hexane prior to use. One milliliter of extracted solution (ca. 50 mg mL -1 ) was loaded on the column and eluted with hexane. The fraction collected at 20 mL elution volume was concentrated in volume to 1 mL via a gentle nitrogen stream and then stored at -25˚C until GC-MS analysis. The injection volume was 1 mL.
GC-MS analysis
GC-MS analyses were carried out using a Shimadzu GCMS-QP2010 gas chromatograph with an automatic split-splitless injector Model AOC-20i and an AOC-20s auto sampler; the system was equipped with a quadrupole mass spectrometric detector (Shimadzu, Kyoto, Japan). A capillary column (MXT-1, crossbond 100% dimethyl polysiloxane stationary phase, 15 m ¥ 0.28 mm i.d. and 0.1 mm film thickness, Restek, Bellefonte), was employed. Operating conditions were as follows: injection port temperature 300˚C; helium (99.999%) as a carrier gas at a flow rate of 1.5 mL min -1 ; pulsed splitless mode (pulsed pressure 150 kPa for 2.0 min). The column temperature was maintained at 110˚C for 1 min, raised at a rate of 40˚C min -1 to 250˚C, and then changed to a rate of 10˚C min -1 up to 300˚C, held for 2 min, and again raised at a rate of 40˚C min -1 to 320˚C and held for 5 min. The mass spectrometric detector was operated in electron impact ionization mode with an ionizing energy of 70 eV. The ion source temperature was 250˚C and the interface temperature was 300˚C. 
Results and Discussion
Optimization of quantitative analysis of deca-BDE
The qualitative and quantitative ions were selected from the mass spectrum in the full scan mode. The most abundant peaks at m/z 799 with typical isotopic clusters were the fraction ions [M-2Br] + (Fig. 1) . Herein, the base peak at m/z 799 was chosen as the quantitative ion and three characteristic ions at m/z 797, 801, and 959 were selected for peak identification in the SIM mode. The response of deca-BDE was investigated on two columns of 15 and 30 m with identical other parameters. A 15 m-length column provided the higher sensitivity compared with the 30 mlength column under the identical conditions (see Fig. 1 ). The peak area of m/z 799 was increased about 20 times and the retention time was reduced nearly by half from 23.73 to 12.37 min compared with that of the 15 m column, which was consistent with the previous reports. 22, 23 It was well-known that deca-BDE was labile at temperature over 300˚C and easily underwent rapid debromination. The significant increase of peak area may be attributed to the shorter retention on the 15 m column, which prevents deca-BDE from degradation to form lower BDEs.
The injection technique of the samples into the GC system was also an important step for accurate determination of high boiling point compounds, especially for deca-BDE, which required more time to be transferred from the injection port to the capillary column than other PBDEs due to its high boiling point; therefore, chosen optimal injection modes can reduce the discrimination and thermal degradation and can improve the response sensitivity when split/splitless injection was used. An enhanced response of deca-BDE was observed when the injection port temperature was increased from 260 to 320˚C. Due to the obvious degradation of deca-BDE at 320˚C observed from the GC-MS chromatogram, the injection port temperature was set at 300˚C (Fig. 2a) . It was found a 150-kPa injection pressure can result in 1.5 times peak area increase over that for normal injection pressure when high injection pressures were adopted (Fig. 2b) . Although Björklund 23 reported that no significant response increase for any of the PBDE congeners was observed when a pressure pulse was applied, our result can be attributed to the different geometry and design of the insert and the injector. The higher injection pressure can speed carrier gas flow rate, shorten the resident time of targets during injection port and reduce the discrimination, and then increased the response. There was no difference between 150 and 300 kPa injection pressures, which proved that 2 min splitless time was enough to transfer deca-BDE from injection port to column. Moreover, 300 kPa injection pressure might waken the ion source vaccum, which would be a disadvantage to the ionization of targets. So, 150 kPa injection pressure was used to scavenge samples into the column.
Linearity, repeatability and LOD
Quantitative analysis for deca-BDE still experienced some difficulties due to easy degradation when exposed to elevated temperatures in injector, column or detector for a longer time. Some suitable configurations were obtained to ensure the instrument sensitivity of deca-BDE. The repeatability of peak area (1.0 mg mL -1 ) at 300˚C injection port temperature and 150 kPa injection pressure was tested; the RSD was 1.10% which was better than the previous reports. 20 It should be noted that, due to matrix effects, the high sensitivity and better repeatability could only be achieved when the samples were cleaned up sufficiently and so the injection insert and ion source must be cleaned periodically. Moreover, better repeatability can be obtained at 300˚C with the relative standard deviation (RSD) of 1.1% compared to RSD of 18% at 280˚C.
Linearity was evaluated at calibration levels in the range of 0.5 -100 mg mL -1 under the optimal conditions. The linear regression coefficient was higher than 0.9978 for the concentration range. LOD was 100 ng mL -1 by estimating at a signal-to-noise of 3 (S/N = 3). The linearity and LOD was sufficient to suit the practical analysis of deca-BDE in polymer and could meet the requirements of the RoHS and WEEE.
Comparison of cleanup techniques
Silica gel, florisil and alumina have been widely used for the cleanup and separation of PBDEs and other halogenated compound extracts. 8, 9 In the present work, the extracted solutions were cleaned up using four different adsorbent materials: acidic silica, activated silica, florisil and neutral alumina. The cleanup efficiencies were compared via the scan chromatograms and recoveries of deca-BDE. The average recoveries were obtained using the concentration found in the final extracts divided by the concentration spiked. In the case of the neutral alumina column, a very poor recovery of 11% was obtained, which may result from the strong affinity of the target compounds for alumina. A 20-mL volume of hexane was not enough to elute deca-BDE completely; a solvent of stronger polarity was needed. 15 In the case of the florisil column, a recovery of 151% with some matrix effects was obtained. Activated silica gel and acidic silica gel columns showed excellent recoveries of 105 and 106%, respectively. However, the acidic silica cleanup column showed better performance than the activated silica gel column did when the sample extracts were analyzed by GC-MS. This might be attributed to the matrix effect, since the deficient cleanup may have deteriorated the clean injection glass insert or ion source. The sensitivity of the GC-MS decreased drastically after several injections when the extracts were cleaned up via a silica gel column. In contrast, there were no evident changes in the sensitivity of GC-MS even after many injections when the extracts were cleaned up by the acidic silica gel column. Therefore, acidic silica column chromatography using 20 mL eluent was used for the cleanup of extracted solutions. 
Comparison of various extraction techniques with referenced PVC material
The aim of the present work was to find out which technique could show the optimized extraction efficiency with shorter pretreatment time and lower solvent-consuming through comparing the extraction efficiencies of the new developed extraction techniques (e.g., UAE and MAE) with that of Soxhlet extraction, the traditional method.
Hexane, toluene and hexane/acetone mixture were the solvents commonly used for the extraction of PBDEs from solid samples such as soil, sediment, sewage sludge and other biological samples. 9 THF was regularly used as a kind of solvent when flame retardant additives (including PBDE) in the polymer fractions of waste electrical and electronic equipment were analyzed. 15 Therefore, hexane, toluene, THF and hexane/acetone mixture, were selected as extraction solvents to optimize the extraction efficiency and compare the time and solvent volumes consumed. Extraction efficiencies were defined as the amounts of deca-BDE measured divided by the theoretical amounts.
The PVC reference samples containing 5% deca-BDE were extracted using Soxhlet extraction, UAE and MAE for the preset time, respectively. For the case of Soxhlet extraction (Fig. 3) , almost complete extractions of deca-BDE were obtained after a 5-h period when THF and toluene were used as solvents. There was no obvious difference in extraction efficiency after 5 h when toluene was used. Conversely, lower extraction efficiencies were observed with THF as solvent when the extraction time was prolonged. The lower BDEs products, mainly nona-BDEs, octa-BDEs, some hepta-BDEs and hexa-BDEs compounds, were detected from the full scan chromatograms, but no pentaor tetra-BDEs were found. The peaks of each PBDE were integrated from the total ion chromatograms and the results are listed in Table 1 . The area percentages of deca-BDE varied from 53% for 5 h extraction to 4% for 24 h, while that of octaBDEs increased from 14 to 61% (Table 1) . On the other hand, neither hexane nor the hexane/acetone mixture showed the effective extraction results as toluene did even the extraction time was increased to 24 h. So, it could be concluded that hexane and hexane/acetone mixtures were not suitable for deca-BDE extraction via the Soxhlet extractor.
For the case of MAE (Table 2) , unsatisfactory results were obtained when the extractions were performed with hexane, THF, toluene or hexane/acetone mixture. This should be attributed to the fact that the use of a polar solvent was necessary for effective extraction based on microwave heating. The solvent used as an extractant required an appropriate permittivity (e) to absorb the microwave energy and to transform it into thermal energy. Herein, the solvents like hexane, THF and toluene which have relatively low permittivity values only had extraction efficiencies of 44, 55 and 63%, respectively. The hexane/acetone mixture should have provided more than 65% extraction efficiency because the detailed extraction parameters such as ratio of hexane to acetone, temperature, microwave radiation time and power had been discussed. The further investigations are underway.
For the case of UAE (Fig. 4) , toluene and hexane extracted more deca-BDE from the samples than THF and hexane/acetone mixture did. The maximum extraction results were achieved after extracting for 60 min with toluene and hexane as solvent with efficiencies of 111 and 94%, respectively. After that, the amount of deca-BDE extracted decreased due to the degradation of deca-BDE. THF and the hexane/acetone mixture were not good choices for the UAE technique, even though the PVC polymer had good solubility in THF. The cavitation formed under the ultrasonic wave could promote the transformation of deca-BDE from polymer to the solvent. Deca-BDE had better solubility in toluene and hexane than in THF. It might be the microeffect that produced different results for THF as solvent by Soxhlet extraction and by UAE. At the same time, the longer extraction time did not contribute to any improvement in the extraction efficiency for the case of the hexane/acetone mixture. This may result from the lower extraction temperature compared to that for the Soxhlet extraction.
In general, toluene was the best solvent for extraction of deca-BDE from PVC samples when Soxhlet extraction or UAE method was used. UAE had the same performance as Soxhlet extraction with a recovery of 90 -115% when toluene or hexane was used as extraction solvent, which had the advantages of lower solvent consumption (20 mL), more speed (60 min) and less work.
Conclusions
The wide usage of deca-BDE in industrial productions of polymers, as the source of the contamination, must be controlled by the quality control measures; meanwhile, a rapid, accurate method for determining the content of deca-BDE in polymers was obligatory. A method with high efficiency and low consumption of time and organic solvent must be developed to meet technical requirements. High pressure injection mode could greatly protect deca-BDE from degradation and could increase the analytical sensitivity and repeatability. A simple and feasible cleanup technique using acidic silica gel column provided satisfactory results with minimum matrix interference. Three extraction techniques (Soxhlet extraction, MAE and UAE) to extract and measure deca-BDE in polymers were evaluated in detail. UAE with toluene or hexane can minimize the extraction time and solvent consumption with acceptable recovery of 90 -115%. Longer extraction time may cause the debromination of deca-BDE to form lower BDEs and then decrease the extraction efficiency.
